The knowledge of the water content in the soil profile is essential for an efficient management of crop growth and development. This work aimed to use geostatistical techniques in a spatio-temporal study of soil moisture in an Oxisol in order to provide that information for improved crop management. Data were collected in a coffee crop area at São Roque de Minas, in the upper São Francisco River basin, MG state, Brazil. The soil moisture was measured with a multi-sensor capacitance (MCP) probe at 10-, 20-, 30-, 40-, 60-and 100-cm depths between March and December, 2010. After adjusting the spherical semivariogram model using ordinary least squares, best model, the values were interpolated by kriging in order to have a continuous surface relating depth x time (CSDT) and the soil water availability to plant (SWAP). The results allowed additional insight on the dynamics of soil water and its availability to plant, and pointed to the effects of climate on the soil water content. These results also allowed identifying when and where there was greater water consumption by the plants, and the soil layers where water was available and potentially explored by the plant root system.
INTRODUCTION
Water holding capacity of soils is due to adsorption and capillary forces, that are an expression of soil structure and electrical charges, which can be changed according to soil management (Ferreira, Fernandes; Curi,1999; Oliveira, 2004; Tormena, Silva; Libardi,1999; Silva et al., 2012a; Veiga, Reinert; Reichert, 2010; Leão et al., 2006; Bamberg et al., 2011) . The amount of stored water in a given soil is a result of rate of rainfall, irrigation, drainage, run-off and evapotranspiration (Silva et al., 2001; Mota et al., 2010) ; which all change seasonally within the soil profile.
These changes can be characterized using geoestatistical techniques that allow one to know the spatial distribution of soil moisture (Western et al., 2004) . This soil moisture distribution is also time dependent (Grego et al., 2006; Herbst; Diekkrüger2003; Hu et al.,2010; Reichert et al., 2008; Reichardt et al., 2001; Vinnikov et al., 1996; Mello et al., 2011) . Due to the highly intrinsic variability of moisture within the soil profile, time-space variation cannot be simultaneously plotted. However, based on geostatistical theory, there is no restriction to work with space and time simultaneously.
Chemical limitations are the main constraints for root growing in the soils from the Cerrado region in Brazil SILVA, B. M. et al.
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Ciênc. Agrotec., Lavras, v.39, n.1, p.39-47, jan./fev., 2015 (Raij, 2008 . Shallow and not optimally distributed root systems decrease the potential for water uptake by plants which is even worse during the dry season (from May to September) or even during short-term droughts during the rainy season, especially for a coffee crop (Evangelista, Carvalho; Sediyama, 2002) . During recent years, the coffee crop is being expanded into the Cerrado region of Brazil, and farmers are mitigating the effects of water deficit with irrigation, because drought is the major environmental stress and may reduce coffee productivity up to 80% (DaMatta; Ramalho, 2006) . Some farmers from the Upper São Francisco River basin, which is included in the Cerrado region, have achieved high productivity in non-irrigated coffee crops, using a set of adequate management practices. These practices allow the root system to grow deeper in the soil and increase water uptake, particularly in Oxisols (Serafim et al., 2011) . In view of these activities and, since water sources for irrigation are scarce (Ana, 2011), such strategies aiming at the optimization of water use in agricultural systems, including improved uptake of deeply stored soil water, justifies this study.
Increasing the understanding ofthe behavior of the soil water content in the profile over time will benefit producers.This work uses geostatistical techniques to create a continuous record ofsurface water content with depth and time (CSDT), allowing identifying soil depth and time-related water content in the soil. Thus, information on water deficit for crops, water table recharge, soil zones of greaterwater consumption by plants, moisture in the soil profile, and the effectiveness of water uptake by plants (especially during low rainfall) can be more easily attainable. There are two hypotheses involved: (1) there is water available deeper in the soil profile that can mitigate water stress; and (2) improving soil fertility deeper in the soil induces root expansion and, consequently, increases water uptake.
MATERIAL AND METHODS

Experimental area characterization
This study was carried out in an experimental area with a two-year old Coffea arabica L. Catucaí cultivar, spaced by 2.5 x 0.65 m among plants. This experimental area is located at São Roque de Minas, Upper São Francisco River basin, Minas Gerais state, Brazil. The corresponding geographical coordinates are 20°15' S and 46°22' W Greenwich. The climate is Cwa (humid subtropical climate), according to Köppen's classification system, with an average annual rainfall of 1,344 mm and a well-defined dry season (from May to September). The average annual temperature is 20.7ºC, the average relative humidity is 60 % and the altitude is 900 m above the sea level (Menegasse, Gonçalves; Fantinel, 2002) .
The soil is classified as dystrophic Red Latosol (Embrapa, 2013) or Haplustox (Soil Survey Staff, 1999) . It is located at the summit of the landscape, in a gentle undulated relief (3-8 % slope). Some soil characterization data are shown in table 1. The management system includes a deep planting furrow (0.50 m wide and 0.60 m depth), application of amendments and fertilizers, and incorportationfor homogenizing the fertility correction withdepth. More details about this management system can be obtained in Serafim et al. (2011) . Table 1 -Particle size distribution, bulk density and water retention at 0-100 cm depth of the studied soil.
Particle size distribution
Water retention 
Soil moisture and rainfall monitoring
Rainfall was monitored by a pluviometer installed at the experimental area. The soil water content was measured with a multi-sensor capacitance probe (MCP) (Profile probe-Delta T, Cambridge, UK). Because it is not a destructive method, the monitoring was done in the same place and at 10-, 20-, 30-, 40-, 60-and 100-cm depths. This probe was previously calibrated to the specific soil conditions under this study (Silva et al., 2012b) . The probe was installed in the crop row between two coffee plants. The readings were taken daily during 276 days, throughout the 2010 dry season. A data logger was set up to register the volumetric water content at four-hour intervals (0h00; 04h00; 08h00; 12h00; 16h00; and 20h00), in order to have a daily average.
Continuous surface depth-time generation
The space-time dependence of the volumetric water content in the soil was evaluated with a semivariogram developed using the software Surfer 9.0, according to equation 1: this concept is useful because it is based only on soil parameters, disregarding the complexity of the soilplant-atmosphere relationships. Statiscal analysis were performed in order to help the data interpretation, through accuracy test of CSDT and field observed data, using the root mean squared error (RMSE) and the coefficient of determination (R²).
RESULTS AND DISCUSSION
The parameters of the adjusted semivariogram ( Figure 1 ) are shown in table 2. The space-time dependence was strong, since the degree of dependence was lower than 25 % (Cambardella et al., 1994) .
By cross-validating the data (Figure 2 ), after kriging, a very strong relationship was observed between observed and predicted(coefficient of determination = 98 %), confirming the strong spacetime dependence of the soil moisture. The RMSE of 1.27 % of volumetric water content also indicates a high accuracy.
Where: N (h) is the number of pairs of experimental observations Z (xi) and Z (xi + h), which are separated by h distance.
The semivariogram is represented by the γ (h) versus h graphics. Through this graphic, it was adjusted using a spherical function, where the following parameters were determined: nugget effect (C0), sill (C0 + C1) and range (r). The degree of space-temporal dependency (DD) was calculated according to Vieira (2000) . Due to the quadratic behavior of volumetric soil water content, for both soil depth and time, the trend of the data was modeled through the function Z1 = Z -[AX ² + BY ² + CXY + DX + EY + F], where Z1 is the water content after modeling, z is the actual water content, x is the time variable, y is the depth variable, and A, B, C, D, E and F are the coefficients of adjustment of the model.
Kriging was the estimator used in this study to create the CSDT (Vieira, 2000) . The surface response was generated in Surfer 9.0 and imported into a geographic information system considering the following water content classes: <5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-35, 35-40, 40-45, 45-50, and > 50 (% in volume) . These classes were used in order to show the temporal variation (during the study period), and spatiallyin the soil profile in order to identify periods and depths of water deficit, greater water consumption by coffee plants and water storage in the soil.
From the CSDT a map of soil water availability to plants (SWAP) was generated; the soil water contents were classified into easily drainable water (> 43 % by volume), plant available water (between 43 and 24 % in volume), and strongly retained water (< 24 % in volume). The limits of these classes were assigned according to the boundary values of water availability to plants (Table 1) , according to the classical concept of plant available water capacity, proposed by Veihmeyer and Hendrickson (1949) , which considers the soil moisture between field capacity and permanent wilting point as being available to plants (Kirkham, 2005; Reichardt; Timm, 2012) . Despite its limitations, The rainfall distribution during the studied period is presented on figure 3 . A map of volumetric water content at different depths over time (CSDT) is shown on figure 4 , and the map of soil water availability to the plants (SWAP) is presented on figure 5 . These maps show that water content stored in the soil was highly correlated to the amount and distribution of rainfall (Figure 3) .
The rainfall during the study period totaled 772 mm. As for the distribution of rainfall, the longest drought period was 113 days, between days 137 (May 17) and 250 (September 07).
The rainfall event on day 250 increased the stored water content in the surface layers (Figure 4 ). After the day 270 (September 27), there was rainfall almost every day, characterizing the beginning of the rainy season. During this period the soil moisture in the whole soil profile was replenished (Figure 4) . Particularly at the 0-50 cm layer, it is clear that the water content reached levels above the permanent wilting point, indicating the occurrence of water available to the plants ( Figure 5 ). The moistening front at 85-100 cm depth, between days 270 and 285 (Figures 4 and 5), can also be attributed to the rainfall after day 270.
During the period between days 146 (May 26) and 270 (September 27), considered as the dry season ( Figure  3) , there was a reduction in the amount of stored water in the soil (Figure 4) . As a consequence, there was lesser availability of soil water to plants ( Figure 5 ) from the soil surface up to 75-cm depth. However, in some days within this period, the water was strongly retained in the soil, up to 100-cm depth, as shown through the SWAP results.
Water contents below 10 % were found only near the soil surface (15-cm layer), between days 115 (April 25) and 140 (May 20); between days 167 (June 16) and 195 (July 14); and between days 210 (July 29) and 249 (September 06). This happened because the topsoil is known to be more susceptible to lose water by evaporation due to the solar radiation and wind nearthe soil surface. On the other hand, precipitation also causes considerable variation of water storage in this layer (Hu et al., 2010) , that can be extended up to 30-cm depth (Figure 4 ). This constant change of water content near the soil surface may also due to water uptake by the roots (Mota et al., 2010) . Ciênc. Agrotec., Lavras, v.39, n.1, p.39-47, jan./fev., 2015 However, during the period from days 130 (July 14) and 147 (July 31), the volumetric water content of the soil surface ranged between 10 and 15 %, with no water supply by precipitation (Figure 3) . As capillarity can move water in all directions in the soil, in other words, as water moves from a state of higher to lower matric potential (Reichardt; Timm, 2012) , water content can also be increased by lateral or vertical flows. Red Latossols (Ustox), like the one of this experiment, have very good internal drainage, because of its granular structure, favored by the gibbsitic mineralogy (Ajayi et al, 2009; Ferreira, Fernandes; Curi,1999) , confirmed by high amount of macropores (> 50 μm diameter) (Silva et al., 2012a) , and the slope is less than 8 % (summit position), so the vertical flow largely predominates over horizontal flow (Reichardt; Timm, 2012) . Beyond that, these soils are extremely homogeneous in morphology and do not present physical impedance to the vertical water flow (Oliveira et al., 2004) .
In the 20-30-cm layer there were greater water contents compared to the surface layer and the layers close to 80 cm depth (Figure 4 ). This is due to the crop management system, since at that layer (20 -30 cm) we observed in the field a 3-cm layer of gypsum, which was accumulated and not dissolved. This suggests that amending the soil with gypsum may be interfering on the water retention in this soil. This soil layer undergoes less influence of solar radiation, which contributes to higher water conservation. Another possibility is the soil microporosity at 5-, 20-and 40-cm depths, which is greaterthan that at 60-and 80-cm depths (Assis et al., 2011; Leão et al., 2006; Silva et al., 2011; Silva et al., 2012a; Veiga et al., 2010) . This microporosity is accounting for a higher content of stored water (Figure 4) , which is available to the plants, observed between days 66 and 116, and between days 145 and 161 ( Figure 5) .
By observing the CSDT, there is an increasing gradient of water content below 55 -cm depth as compared to the upper layers, due to the water consumption by evapotranspiration. This is corroborated by Carlesso (1995) , which describes that the depth of water consumption by roots can be characterized by an advancing front of water extraction in the soil profile as a function of time, with approximately the same rate of development of the root system. Water extraction through this front increased from the beginning of CSDT (day 66) until the beginning of the rainy season in September (day 250), being greater between days 160 and 240 (May-September), which represents the driest period in the studied region.
The interruption of this front of water extraction, after day 255 (Figures 4 and 5 ) may be associated to the soil remoistening, since it represents the beginning of the rainy season and the consequent increment of the soil available water to the plants in the 0 to 45-cm and 75 to 100-cm layers. According to Carlesso (1995) , the delay of the front of water extraction is a function of the balance between soil water availability and evaporative demand. Thus, it occurs in soils with high quantity of water within the availability range.
By the CSDT and SWAP, the lower water content was in the 45 to 75 -cm layer, during the entire period of the experiment. It can be inferred that at this soil depth there was greater water uptake by the coffee root system under these studied conditions (age of plants, genetic material and soil management system adopted). It must be mentioned that the bottom of the furrow which was prepared for planting was at 60 cm depth, and that the whole soil material in this furrow was adequately amended with amendmentsand fertilizers. Since root system grows in layers where there are higher levels of nutrients and under adequate physical-hydric conditions (Brito, Libardi; Ghiberto,2009; Drew, 1975; Raij, 2008) , it is suggested that in this layer (45-75 cm, Figure 5 ) the lesserwater content was due to the greater activity of the roots, extracting most of water neededby the coffee plant. Additionally, a large volume of roots is observed in this depth ( Figure 6 ). The quantity of roots of Coffea Arabica changes widely in the soil profile as a response to the climatic changes. These changes are associated with root growth, which is seasonal and usually precedes the beginning of the aerial part growth (DaMatta et al., 2007) . In Kenya, after a long drought period, the major activity of coffee roots was observed between 45 and 75 cm depth (Huxley et al., 1974) . Daker (1976) proposed that the 60 to 80 -cm layer was the most favorable for coffee roots to uptake water, thus confirming the depth of lower water content observed by the CSDT. The plants in this study had not yet reached the adult phase (4-5 years), indicating a great root growth and subsequent displacement of the front of water extraction directed towards the deeper layers of the soil.
It is also noteworthy that the water content was above 30 %, mainly in the 80 to 100 -cm layer, between days 66 (March 07) and 167 (June 16), and between days 200 (July 19) and 301 (October 28) (Figure 4 ). This happens in deep and well drained soils, where water is drained to deeper layers during the rainy season, which is sometimes considered as a loss of water from the agricultural standpoint, although it is important from the environmental standpoint, for promoting groundwater recharge and supplying water sources. However, even deeper in the soil (Figure 5 ), the water may be taken upby plants, depending if the adopted soil management stimulates root to also grow deeper into the soil. Several studies have shown that deep roots are equally, or even more, efficient than the surface ones in absorbing water and nutrients (McCulley et al., 2004; Wiersum, 1967) .
A short-term drought period was observed between October and November (days 290 to 306), which dried the soil tothe 0 to 25 cm depth. In other words, up to the depth of 25 cm, the soil water content reached the permanent wilting point, which was severely affected by absence of rains between days 287 and 304. This shows the importance of deeper root growth on promoting exploration of water in the soil profile.
As the depth from where water is extracted is preponderance over the potential quantity extractable per unit of depth, in the context of soil capacity to provide water to plants, deep rooted systems can improve yield of crops whichare exposed to water deficit conditions, by maintaining photosynthesis and transpiration flux with greater absorption of nutrients (Carlesso, 1995; DaMatta; Ramalho, 2006) .
In the same region of this study, also in oxisol, Serafim et al. (2013) reported a common presence of very fine and fine roots in the 1.5 to 1.7m layer, explained by the type of management practices. These were the same used in our study, which contributed to the greater root penetration. They also concluded that the deep furrow preparation, associated with gypsum amendment to remove toxicity, allowed the root system to explore a greater volume of soil. Based on this information, and considering the observations of Wiersum (1967) that the roots that are located at deeper layers in the soil have higher absorbing capacity of water and nutrients, it is suggested that there is a significant water extraction from deeper layers in this soil (Figures 4 and 5) . This fact contributed to reduced hydric stress caused by the long term drought period and the short-term drought periods during the rainy season, as previously reported, with favorable effects on crop yield.
CONCLUSIONS
There was a considerable space-time and depth dependence of the soil volumetric water content, as evidenced by the DD and the semivariogram maps.
The CSDT generated by kriging showed high accuracy with alow RMSE and a high R².
The CSDT allowed additional insight on the influence of rainfall, water extraction and redistribution of water in the space-temporal dynamics of soil water content stored in the soil profile. In order to improve the accuracy of information obtained by the CSDP, we suggest future studies employing other concepts to estimate the plant available water, such as least limiting water range -LLWR Perfect, 1994) or integral water capacity (Asgarzadeh et al., 2011; Minasny; Mcbratney, 2002) instead of soil plant available water (Veihmeyer; Hendrickson, 1949) approach.
The surface layer of soil had the greatest variability in the soil water content.
The 50 to 75 -cm layer showed the least water content throughout the studied period, indicating an increased activity of the coffee root system in absorbing water in this layer.
By the SWAP measurements it may be inferred that below the 80 -cm depth there was water available to the plants throughout the study period.
